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{b) EXAMPLE 2
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FIG. 6

COMPARATIVE EXAMPLE 1
BFM/BT
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PIEZOELECTRIC ELEMENT, LIQUID
EJECTING HEAD, LIQUID EJECTING
APPARATUS, ACTUATOR, SENSOR, AND
PIEZOELECTRIC MATERIAL

TECHNICAL FIELD

The present invention relates to a piezoelectric element, a
liquid ejecting head, a liquid ejecting apparatus, an actuator,
a sensor, and a piezoelectric material.

BACKGROUND

There are piezoelectric elements having a configuration in
which a piezoelectric layer made of a piezoelectric material
having an electromechanical conversion function, for
example, a crystallized piezoelectric material is placed
between two electrodes. Such piezoelectric elements are
mounted on liquid ejecting heads as, for example, a flexure-
mode actuator device. As a representative example of the
liquid ejecting head, for example, there are ink jet recording
heads in which a vibrating plate configures a part of a pressure
generation chamber communicating with a nozzle opening
which discharges ink droplets, and this vibrating plate is
deformed by a piezoelectric element to pressurize an ink in
the pressure generation chamber to thus discharge ink drop-
lets from the nozzle opening.

As a piezoelectric material used in such piezoelectric ele-
ments, for example, lead-based piezoelectric ceramics repre-
sented by lead zirconate titanate (PZT) are usually used (for
example, see JP-A-2001-223404). However, the develop-
ment of a piezoelectric material containing no lead, that is, a
lead-free piezoelectric material advances from the viewpoint
of environmental problems. Examples of the lead-free piezo-
electric material include barium titanate (BaTiO;) having a
perovskite structure represented by ABO; and bismuth ferrate
(BiFeO;) (for example, see JPA-2009-252789).

However, in the case of the lead-free piezoelectric material,
the leak current is large and the displacement amount is
insufficient as compared to lead zirconate titanate (PZT).
Accordingly, for example, ink jet recording heads have a
problem in that large liquid droplets are not easily discharged.
In order to improve leakage characteristics and displacement
characteristics of such a lead-free piezoelectric material, a
technology of substituting a part of an element occupying the
A-site of the perovskite structure and an element occupying
the B-site with an element having different ion valency and a
different ionic radius is proposed (for example, see JP-A-
2010-214841 and JP-A-2011-035385).

However, in order to obtain leakage characteristics and
displacement characteristics comparable to a lead (Pb)-based
piezoelectric material, it is necessary to further examine and
optimize the selection of a substitution site or a substitution
element in the perovskite structure, a substitution amount and
the like. Such a problem is not limited to piezoelectric ele-
ments which are mounted on ink jet recording heads, but
exists also in other liquid ejecting heads which discharges
liquid droplets other than an ink, liquid ejecting apparatuses,
and piezoelectric elements which are mounted on sensors.

An object of the invention is to provide a piezoelectric
element, a liquid ejecting head, a liquid ejecting apparatus, an
actuator, a sensor, and a piezoelectric material in which the
leak current can be reduced and the displacement amount can
be improved in view of the circumstances.

SUMMARY

According to an aspect of the invention solving the above-
mentioned problem, there is a provided a piezoelectric ele-
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ment including: a first electrode; a piezoelectric layer which
is provided on the first electrode; and a second electrode
which is provided on the piezoelectric layer, in which the
piezoelectric layer is made of a piezoelectric material
expressed as a mixed crystal including a first component
formed of a complex oxide containing Bi and Fe and having
a rhombohedral perovskite structure and a complex oxide
containing Ba and Ti and having a tetragonal perovskite struc-
ture, a second component formed of a complex oxide con-
taining Bi, K, and Ti and having a tetragonal perovskite
structure, and a third component formed of a complex oxide
containing Bi, Mg, and Ti and having a rhombohedral per-
ovskite structure. In the aspect, by simultaneously introduc-
ing (Bi, sK,5)TiO; having a tetrahedral structure and
Bi(Mg, sTi, 5)O; having a rhombohedral structure to
BiFeMnO,—BaTiO,, Fe** is suppressed, a lattice distortion
effect and a morphotropic phase boundary (MPB) effect can
be utilized, and thus high piezoelectric displacement and a
low leak current can be realized. In addition, since no lead is
contained, the load on the environment can be reduced.

Here, it is preferable that the first component is Bi(Fe,Mn)
0;—BaTiO;, the second component is (Bi, sK, 5)TiO;, and
the third component is Bi(Mg, sTi, 5)O,. According to this,
the generation of Fe?* is more securely suppressed, the lattice
distortion effect and the morphotropic phase boundary
(MPB) effect can be utilized, and thus high piezoelectric
displacement and a low leak current can be realized. Accord-
ingly, a large displacement amount can be obtained.

Further, it is preferable that in the first, second, and third
components, the ratio of the complex oxide of the rhombo-
hedral crystal to the complex oxide of the tetragonal crystal
(complex oxide of rhombohedral crystal/complex oxide of
tetragonal crystal) is 70/30 to 65/35. According to this, the
generation of Fe** is more securely suppressed, and thus the
leak current can be further reduced.

Further, it is preferable that the content of the complex
oxide containing Ba and Ti and having a tetragonal perovskite
structure is 25 mol % to 30 mol %. According to this, the
generation of Fe** is more securely suppressed, and thus the
leak current can be further reduced.

Further, it is preferable that the content of the second com-
ponent is 5 mol % to 10 mol %. According to this, the gen-
eration of Fe?* is more securely suppressed, and thus the leak
current can be further reduced.

Further, it is preferable that the content of the third com-
ponent is 5 mol % to 10 mol %. According to this, the gen-
eration of Fe** is more securely suppressed, and thus the leak
current can be further reduced.

Further, it is preferable that the total content of the second
component and the third component is 10 mol % to 20 mol %.
According to this, the generation of Fe** is more securely
suppressed, and thus the leak current can be further reduced.

Further, it is preferable that an orientation control layer
made of bismuth manganate is formed between the first elec-
trode and the piezoelectric layer. According to this, the piezo-
electric layer is more preferentially oriented to a (100) plane
and a displacement amount is improved.

According to another aspect of the invention, there is pro-
vided a liquid ejecting head including the piezoelectric ele-
ment according to any one of the above aspects. In the aspect,
Fe?* is suppressed, the lattice distortion effect and the mor-
photropic phase boundary (MPB) effect can be utilized, and
thus high piezoelectric displacement and a low leak current
can be realized. In addition, since no lead is contained, the
load on the environment can be reduced.

According to another aspect of the invention, there is pro-
vided a liquid ejecting apparatus including the liquid ejecting
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head. In the aspect, Fe** is suppressed, the lattice distortion
effect and the morphotropic phase boundary (MPB) effect
can be utilized, and thus high piezoelectric displacement and
alow leak current can be realized. In addition, since no lead is
contained, the load on the environment can be reduced.

According to another aspect of the invention, there is pro-
vided an actuator and a sensor each including the piezoelec-
tric element according to any one of the above aspects. In the
aspect, Fe** is suppressed, the lattice distortion effect and the
morphotropic phase boundary (MPB) effect can be utilized,
and thus high piezoelectric displacement and a low leak cur-
rent can be realized. In addition, since no lead is contained,
the load on the environment can be reduced.

According to another aspect of the invention, there is pro-
vided a piezoelectric material which is formed of a piezoelec-
tric material expressed as a mixed crystal including a first
component formed of a complex oxide containing Bi and Fe
and having a rhombohedral perovskite structure and a com-
plex oxide containing Ba and Ti and having a tetragonal
perovskite structure, a second component formed of a com-
plex oxide containing Bi, K, and Ti and having a tetragonal
perovskite structure, and a third component formed of a com-
plex oxide containing Bi, Mg, and Ti and having a rhombo-
hedral perovskite structure. In the aspect, Fe>* is suppressed,
the lattice distortion effect and the morphotropic phase
boundary (MPB) effect can be utilized, and thus high piezo-
electric displacement and a low leak current can be realized.
In addition, since no lead is contained, the load on the envi-
ronment can be reduced.

BRIEF DESCRIPTION OF DRAWINGS

FIG. 1 is an exploded perspective view showing a sche-
matic configuration of a recording head according to Embodi-
ment 1.

FIG. 2 is a plan view of the recording head according to
Embodiment 1.

FIG. 3 is a cross-sectional view of the recording head
according to Embodiment 1.

FIG. 4 shows SEM images of examples.

FIG. 5 shows SEM images of examples.

FIG. 6 is a SEM image of a comparative example.

FIG. 7 shows X-ray diffraction patterns of the examples.

FIG. 8 shows X-ray diffraction patterns of the examples.

FIG. 9 is a diagram showing an X-ray diffraction pattern of
the comparative example.

FIG. 10 shows the relationship between P and V of the
examples.

FIG. 11 shows the relationship between P and V of the
examples.

FIG. 12 shows the relationship between P and V of the
comparative example.

FIG. 13 shows the relationship between S and V of the
examples.

FIG. 14 shows the relationship between S and V of the
comparative example.

FIG. 15 shows the relationship between a current density
and a voltage of the examples and the comparative example.

FIG. 16 is a diagram showing a schematic configuration of
a recording apparatus according to an embodiment of the
invention.

DETAILED DESCRIPTION
Embodiment 1

FIG. 1 is an exploded perspective view of an ink jet record-
ing head which is an example of a liquid ejecting head accord-
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4

ing to Embodiment 1 of the invention. FIG. 2 is a plan view of
FIG. 1, and FIG. 3 is a cross-sectional view taken along line
A-A' of FIG. 2. As shown in FIGS. 1 to 3, a channel forming
substrate 10 of this embodiment is formed of a silicon single
crystal substrate, and on one surface thereof, an elastic film 50
made of silicon dioxide is formed.

In the channel forming substrate 10, a plurality of pressure
generation chambers 12 are arranged in a width direction
thereof. A communication portion 13 is formed in a region on
the outside of the pressure generation chamber 12 of the
channel forming substrate 10 in a longitudinal direction, and
the communication portion 13 and each pressure generation
chamber 12 communicate with each other via an ink supply
path 14 and a communication path 15 provided for each
pressure generation chamber 12. The communication portion
13 configures a part of a manifold serving as an ink chamber
common to the pressure generation chambers 12 in commu-
nication with a manifold portion 31 of a protective substrate
to be described later. The ink supply path 14 is formed with a
width smaller than that ofthe pressure generation chamber 12
and keeps the channel resistance of the ink flowing from the
communication portion 13 to the pressure generation cham-
ber 12 constant. In this embodiment, the ink supply path 14 is
formed by narrowing the width of the channel on one side, but
may be formed by narrowing the width of the channel on both
sides. The ink supply path may be formed by narrowing in a
thickness direction, not by narrowing the width of the chan-
nel. In this embodiment, the channel forming substrate 10 is
provided with a liquid channel formed of the pressure gen-
eration chambers 12, the communication portion 13, the ink
supply paths 14, and the communication paths 15.

On the opening surface side of the channel forming sub-
strate 10, a nozzle plate 20 having nozzle openings 21 com-
municating with the vicinity of an end portion of each pres-
sure generation chamber 12 on the opposite side to the ink
supply path 14 is fixed by an adhesive, a thermal bonding film,
or the like. The nozzle plate 20 is formed of, for example,
glass ceramics, a silicon single crystal substrate, stainless
steel, or the like.

The elastic film 50 is formed as described above on the
opposite side to the opening surface of the channel forming
substrate 10, and on this elastic film 50, for example, an
adhesion layer 56, made of titanium oxide having a thickness
of approximately 30 nm to 50 nm, for improving adhesive-
ness between the elastic film 50 and a first electrode 60 is
provided. The material of the adhesion layer 56 varies
depending on the kind of the first electrode 60 and its ground,
or the like. However, for example, an oxide or nitride con-
taining titanium, zirconium, or aluminum, or SiO,, MgO,
CeQ,, or the like may be used. If necessary, an insulating film
made of zirconium oxide may be provided on the elastic film
50.

On this adhesion layer 56, the first electrode 60 made of
platinum (Pt), iridium (Ir), or the like, an orientation control
layer 65 to be described later in detail which preferentially
orients a piezoelectric layer 70 to a (100) plane, the piezo-
electric layer 70, and a second electrode 80 are stacked and
formed to configure a piezoelectric element 300 as pressure
generation means for making a change in pressure in the
pressure generation chamber 12. Here, the piezoelectric ele-
ment 300 is a portion including the first electrode 60, the
orientation control layer 65, the piezoelectric layer 70, and
the second electrode 80. Generally, one of the electrodes of
the piezoelectric element 300 acts as a common electrode,
and the other electrode and the piezoelectric layer 70 are
subjected to patterning for each pressure generation chamber
12. In this embodiment, the first electrode 60 acts as a com-
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mon electrode of the piezoelectric element 300, and the sec-
ond electrode 80 acts as an individual electrode of the piezo-
electric element 300. However, there is no problem even
when the electrodes are reversed due to the circumstances of
the driving circuit or wiring. Here, the piezoelectric element
300 and the vibrating plate which is displaced by driving of
the piezoelectric element 300 will be both referred to as an
actuator device. In the above-described example, the elastic
film 50, the adhesion layer 56, the first electrode 60, and the
insulating film which is provided if necessary act as an insu-
lating plate, but needless to say, the configuration is not lim-
ited thereto. For example, the elastic film 50 or the adhesion
layer 56 may not be provided. The piezoelectric element 300
itself may substantially double as the vibrating plate. When
the first electrode 60 is directly provided on the channel
forming substrate 10, the first electrode 60 is preferably pro-
tected with an insulating protective film or the like so as to
prevent conduction of the first electrode 60 and an ink.

The orientation control layer 65 of this embodiment pref-
erentially orients the piezoelectric layer 70 formed on the
orientation control layer 65 to the (100) plane. Here, the
expression “preferentially orients . . . to the (100) plane”
includes a case in which all of the crystals of the piezoelectric
layer 70 are oriented to the (100) plane and a case in which
most crystals (for example, 50% or more) are oriented to the
(100) plane.

In this embodiment, such an orientation control layer 65 is
made of an oxide containing Ti and Mn, specifically, bismuth
manganite (BiMnO,).

The orientation control layer 65 is not limited to this and
may be made of a complex oxide having a perovskite struc-
ture and containing at least one or more selected from bismuth
(Bi), manganese (Mn), iron (Fe), and titanium (T1). Specific
examples thereof include a complex oxide containing Bi and
Mn, a complex oxide containing Bi, Mn, and Fe, and a com-
plex oxide containing Bi, Fe, and Ti. In the perovskite struc-
ture, that is, ABOj; structure, oxygen is 12-coordinated in the
A-site thereof, and in the B-site thereof, oxygen is 6-coordi-
nated to form an octahedron. For example, when the orienta-
tion control layer 65 contains Bi, Mn, Fe, and Ti, Bi is posi-
tioned in the A-site, and Mn, Fe, and Ti are positioned in the
B-site.

The orientation control layer 65 may have such a thickness
that the piezoelectric layer 70 formed on the orientation con-
trol layer 65 can be preferentially oriented to the (100) plane.
The thickness is, for example, 5 nm to 20 nm. The orientation
control layer 65 having such a thickness may not be provided
on the whole surface, but be provided in an island shape. The
expression “island shape” is a state in which a plurality of
domains are formed to be separated from each other.

Here, the piezoelectric layer 70 varies in terms of various
physical properties such as a displacement amount, a dielec-
tric constant, and a Young’s modulus and electrical charac-
teristics such as a hysteresis curve and an [-V curve. There-
fore, piezoelectric characteristics can be sufficiently
exhibited by single orientation, that is, preferential orienta-
tion of the piezoelectric layer 70 using the orientation control
layer 65 to the (100) plane.

The piezoelectric layer 70 according to the invention is
made of a piezoelectric material expressed as a mixed crystal
including a first component formed of a complex oxide con-
taining Bi and Fe and having a rhombohedral perovskite
structure and a complex oxide containing Ba and Ti and
having a tetragonal perovskite structure, a second component
formed of a complex oxide containing Bi, K, and Ti and
having a tetragonal perovskite structure, and a third compo-
nent formed of'a complex oxide containing Bi, Mg, and Ti and
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having a rhombohedral perovskite structure, and is preferen-
tially oriented to the (100) plane. In the A-site of the perovs-
kite structure, Bi and Ba are positioned, and in the B-site
thereof, Fe, Ti, and Mg are positioned. In this embodiment, a
complex oxide having a composition expressed as a ternary
mixed crystal of bismuth ferrate (BiFeO,), barium titanate
(BaTiO,), and bismuth magnesium titanate (BiMgTiO,) is
used as the piezoelectric layer 70. Here, the first component is
Bi(Fe,Mn)O,—BaTiO;, the second component is (Bi, 5K, 5)
TiOj;, and the third component is Bi(Mg, 5Ti, 5)O;. By simul-
taneously introducing (Bi, K, 5)TiO; having a tetrahedral
structure and Bi(Mg, 5Ti, 5)O; having a rhombohedral struc-
ture to BiFeMnO,—BaTiO,, Fe* is suppressed, a lattice
distortion effect and a MPB effect can be utilized, and thus
high piezoelectric displacement and a low leak current can be
realized.

The piezoelectric layer 70 is formed through a thin film
forming process. Here, the thin film forming process is a
method of forming a thin film having a micron-order thick-
ness using a chemical solution method, a laser ablation
method, a sputtering method, a pulse laser deposition method
(PLD method), a chemical vapor deposition method (CVD
method), an aerosol deposition method, or the like. The thick-
ness of the piezoelectric layer 70 formed through the thin film
forming process is generally 3 um or less, and preferably 0.6
um to 1.2 pm.

The piezoelectric layer 70 formed of a complex oxide
containing Bi, Fe, Ba, Ti, and Mg and having a perovskite
structure has a composition expressed by ((Bi,Ba)(Fe,Ti,Mg)
O,). Representatively, by compositely adding bismuth potas-
sium titanate ((Bi, 5K, 5)BaTiO;), abbreviated as “BKT”)
and bismuth magnesium titanate (Bi(Mg, sTi, 5)O;), abbre-
viated as “BMT”) to a mixed crystal of bismuth ferrate
((BiFeO;), abbreviated as “BF”) expressed by the following
Formula (1) and barium titanate ((BaTiO,), abbreviated as
“BT”), the displacement amount is significantly improved
and the leak current can be significantly reduced.

This Formula (1) can also be expressed by the following
Formula (1).

(1-x-y-z)[BiFeO;]-¥[BaTiO;]-y[(Big sKq 5) TiO5]-z[Bi
(Mgo5Tig 5)0s] (6]

(Bi;_Ba,) (Fel—x—y—zTix+y+0.52Mg0.5z)03 1)

where 0.25=x=<0.30, 0.05<y=0.10, and 0.05<7<0.10 are
preferred.

Here, Formulas (1) and (1') express a stoichiometric com-
position, and as described above, an inevitable deviation in
composition due to lattice mismatch, deficiency of a part of
elements (Bi, Fe, Ba, K, Ti, Mg, and O), or the like and
substitution of a part of elements are permitted as long as the
perovskite structure is acquired. For example, when a sto-
ichiometric ratio is 1, a stoichiometric ratio of 0.85 to 1.20 is
permitted. In addition, complex oxides in which the ratio of
the elements in the A-site and the elements in the B-site is the
same may be regarded to be the same, even when being
different from each other when being expressed by the for-
mula as described below.

The stress applied to the piezoelectric layer 70 can be
relaxed by inducing lattice defects in the crystal. Specifically,
thermal stress generated in the baking process or the like
when the piezoelectric layer 70 is formed, or stress generated
when a voltage is applied can be relaxed. Accordingly, the
generation of cracks can be suppressed.

Here, in the first, second, and third components, the ratio of
the complex oxide of the thombohedral crystal to the complex
oxide of the tetragonal crystal (complex oxide of thombohe-
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dral crystal/complex oxide of tetragonal crystal) is preferably
70/30 to 65/35. According to this, the lattice distortion effect
and the MPB effect can be utilized, and thus high piezoelec-
tric displacement and a low leak current can be realized.

The content of (Bi, sK, 5)TiO; in the piezoelectric layer 70
is preferably 5 mol % to 10 mol %. In the case of the third
component, the content of Bi(Mg,, sTi, 5)O, is preferably 5
mol % to 10 mol %. The total content of the second compo-
nent and the third component is preferably 10 mol % to 20
mol %.

The bismuth ferrate, barium titanate, and bismuth magne-
sium titanate configuring the piezoelectric layer 70 are known
piezoelectric materials having a perovskite structure, and
various compositions thereof are known. For example, as the
bismuth ferrate, the barium titanate, and the bismuth magne-
sium titanate, materials having compositions in which there is
deficiency or excess of a part of elements (Bi, Fe, Ba, K, Ti,
Mg, and O), or compositions in which a part of elements is
substituted with other elements are also known other than
BiFeO,, BaTiO;, (Bi, 5K, 5) TiO;, and Bi(Mg, 5Ti, 5)O5. In
the invention, when bismuth ferrate, barium titanate, and
bismuth magnesium titanate are expressed, materials having
a composition deviated from the stoichiometric composition
by deficiency or excess or materials in which a part of ele-
ments is substituted with other elements are also included in
the range of the bismuth ferrate, barium titanate, and bismuth
magnesium titanate. The ratio of bismuth ferrate, barium
titanate, and bismuth magnesium titanate can also be vari-
ously changed.

In addition, the complex oxide constituting the piezoelec-
tric layer 70 preferably contains other elements such as man-
ganese (Mn), cobalt (Co) and chromium (Cr) other than Bi,
Fe, Ba, Ti, and Mg, and among these, Mn is more preferably
contained. When Mn, Co, Cr, or the like is contained, leakage
characteristics can be improved, and thus a lead-free piezo-
electric material having excellent piezoelectric characteris-
tics can be provided. When the piezoelectric layer 70 is a
complex oxide containing other elements, it is required to
have a perovskite structure.

When the piezoelectric layer 70 contains Mn, Co, or Cr, the
Mn, Co, or Cr is positioned in the B-site. For example, when
the piezoelectric layer 70 contains Mn, the complex oxide
configuring the piezoelectric layer 70 is expressed as a com-
plex oxide having a structure in which a part of Fe, Ti, and Mg
of a solid solution in which bismuth ferrate, barium titanate,
and bismuth magnesium titanate are uniformly solid-soluted
is substituted with Mn, or a perovskite structure of a ternary
mixed crystal of bismuth manganate ferrate, barium titanate,
and bismuth magnesium titanate, and it is found that basic
characteristics thereof are the same as a complex oxide hav-
ing a perovskite structure of a ternary mixed crystal of bis-
muth ferrate, barium titanate, and bismuth magnesium titan-
ate, but leakage characteristics thereof are further improved.
When Co or Cr is contained, leakage characteristics are also
improved as in the case of Mn. Here, it can be expressed by
the following Formula (2) or (2').

(Biy,Ba,) {Fe,A}( l—x—y—z)(Ti(x+y+0.5z)Mg0.5z)03 (2)

or:

(Bi;_Ba,)Feq g5 (l—x—y—z)A0.05(l—x—y—z)(Ti(x+y+0.5z)Mg0.5z)
03
(where A indicates one or more selected from Mn, Co, and
Cr) (2)
where 0.25=x<0.30, 0.05=y=<0.10, and 0.05=7<0.10 are
preferred.
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Inthe above description, the case in which the piezoelectric
layer 70 contains Mn, Co, and Cr as other elements has been
described. However, when two other transition metal ele-
ments are simultaneously contained, the leakage characteris-
tics are found to be similarly improved and the piezoelectric
layer 70 can be made therethrough. In addition, the piezoelec-
tric layer 70 may further contain other known additives in
order to the characteristics.

In an X-ray diffraction pattern, bismuth ferrate, barium
titanate, bismuth magnesium titanate, bismuth manganese
ferrate, bismuth cobalate ferrate, bismuth potassium titanate,
bismuth chromate ferrate, and the like are not singly detected.

However, according to high-intensity synchrotron X-ray
diffraction with beam line (BLO2B2) of the synchrotron
radiation facility (Spring-8) using an X-ray diffraction device
(Rigaku RINT-2000, CuKa-ray), a peak belonging to the
perovskite structure may be observed regarding a sintered
body expressed as a ternary mixed crystal (BF-BT-BMT) of
bismuth ferrate (BF), barium titanate (BT), and bismuth mag-
nesium titanate (BMT) or a binary mixed crystal (BT-BMT)
of barium titanate (BT) and bismuth magnesium titanate
(BMD).

As the second electrode 80, any of various metals such as
iridium (Ir), platinum (Pt), tungsten (W), tantalum (Ta), and
molybdenum (Mo) may be used, and alloys thereof and metal
oxides such as iridium oxide are also exemplified. A lead
electrode 90 made of gold (Au) and the like and drawn from
the vicinity of an end portion on the side of the ink supply path
14 to extend onto the channel forming substrate 10 is con-
nected to each second electrode 80 which is an individual
electrode of the piezoelectric element 300. The voltage is
selectively applied to each piezoelectric element 300 via the
lead electrode 90.

On the channel forming substrate 10 in which the piezo-
electric elements 300 are formed, that is, on the first electrode
60, the elastic film 50, the insulating film which is provided if
necessary, and the lead electrode 90, a protective substrate 30
having a manifold portion 31 configuring at least a part of a
manifold 100 is bonded via an adhesive 35. In this embodi-
ment, this manifold portion 31 is formed in a width direction
of the pressure generation chamber 12 to pass through the
protective substrate 30 in a thickness direction, and commu-
nicates with the communication portion 13 of the channel
forming substrate 10 as described above to configure the
manifold 100 acting as an ink chamber common to the pres-
sure generation chambers 12. The communication portion 13
of'the channel forming substrate 10 may be partitioned into a
plurality of portions for each pressure generation chamber 12
and only the manifold portion 31 may act as the manifold.
Moreover, for example, only the pressure generation cham-
bers 12 may be provided in the channel forming substrate 10,
and members (for example, elastic film 50, insulating film
which is provided if necessary, and the like) interposed
between the channel forming substrate 10 and the protective
substrate 30 may be provided with the ink supply paths 14
communicating the manifold 100 with the respective pressure
generation chambers 12.

A piezoelectric element holding portion 32 having such a
space as not to disturb the movement of the piezoelectric
element 300 is provided in a region in the protective substrate
30 opposed to the piezoelectric element 300. The piezoelec-
tric element holding portion 32 may have such a space as not
to disturb the movement of the piezoelectric element 300, and
the space may be sealed, or may not be sealed.

As such a protective substrate 30, a material having almost
the same coefficient of thermal expansion as the channel
forming substrate 10, such as glass or a ceramic material, is
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preferably used. In this embodiment, the protective substrate
30 is formed using a silicon single crystal substrate made of
the same material as the channel forming substrate 10.

The protective substrate 30 is provided with a through hole
33 passing through the protective substrate 30 in the thickness
direction. The lead electrode 90 drawn from each piezoelec-
tric element 300 is provided so that the vicinity of an end
portion thereofis exposed to the inside of the through hole 33.

A driving circuit 120 for driving the arranged piezoelectric
elements 300 is fixed to the protective substrate 30. As this
driving circuit 120, for example, a circuit board, a semicon-
ductor integrated circuit (IC), or the like can be used. The
driving circuit 120 and the lead electrode 90 are electrically
connected via connection wiring 121 formed of conductive
wires such as bonding wires.

A compliance substrate 40 formed of a sealing film 41 and
a stationary plate 42 is bonded to the protective substrate 30.
Here, the sealing film 41 is made of a flexible material having
low rigidity, and one surface of the manifold portion 31 is
sealed with the sealing film 41. The stationary plate 42 is
made of a relatively hard material. A region in the stationary
plate 42 opposed to the manifold 100 is an opening portion 43
completely removed in the thickness direction, and thus one
surface of the manifold 100 is sealed only with the flexible
sealing film 41.

In such an ink jet recording head I of this embodiment, an
ink is introduced from an ink inlet connected to external ink
supply means (not shown) to fill the inside from the manifold
100 to the nozzle openings 21 with the ink. Then, a voltage is
applied between the first electrode 60 and the second elec-
trode 80 corresponding to the pressure generation chamber 12
in accordance with a recording signal from a driving circuit
120, and the vibrating plate 50, the adhesion layer 56, the first
electrode 60, the seed layer 65, and the piezoelectric layer 70
are deflection-deformed to increase the pressure in each pres-
sure generation chamber 12 to thus discharge ink droplets
from the nozzle openings 21.

EXAMPLES

Hereinafter, the invention will be described in more detail
with examples. The invention is not limited to the following
examples.

Example 1

First, a silicon dioxide film having a thickness of 1200 nm
was formed on a surface of a single crystal silicon (Si) sub-
strate oriented to a (100) plane by thermal oxidation. Next, a
titanium film having a thickness of 40 nm was formed on the
silicon dioxide film through a RF magnetron sputtering
method, and subjected to thermal oxidation to form a titanium
oxide film (adhesion layer 56). Next, on the titanium oxide
film, a platinum film having a thickness of 100 nm was
formed through a RF magnetron sputtering method to act as
an electrode (first electrode 60) oriented to a (111) plane.

Next, an orientation control layer 65 for preferentially ori-
enting a piezoelectric layer 70 to the (100) plane was formed
on the first electrode 60. The method is as follows. First,
n-octane solutions of bismuth 2-ethylhexanoate and manga-
nese 2-ethylhexanoate were mixed so that a molar concentra-
tion ratio of Bi to Mn was 100:100, and thus a precursor
solution for an orientation control layer was prepared. Then,
the precursor solution for an orientation control layer was
added dropwise to the above-described substrate on which the
titanium oxide film and the platinum film were formed, and
the substrate was rotated at 3000 rpm to form an orientation
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control layer precursor film through a spin coating method
(orientation control layer application process). Next, the film
was dried for 2 minutes at 180° C. on a hot plate (orientation
control layer drying process). Next, degreasing was per-
formed for 2 minutes at 350° C. (orientation control layer
degreasing process). Thereafter, the temperature was
increased to 700° C. at 3° C./sec to perform baking for 2
minutes at 700° C. using a rapid thermal annealing (RTA)
device in the oxide atmosphere, and thus an orientation con-
trol layer made of bismuth manganate was formed (orienta-
tion control layer baking process). Accordingly, the orienta-
tion control layer 65 formed of a complex oxide including Bi
and Mn was obtained.

Next, a predetermined piezoelectric layer 70 having a per-
ovskite structure was formed on the orientation control layer
65. The method is as follows. n-octane solutions of bismuth
2-ethylhexanoate, barium 2-ethylhexanoate, iron 2-ethylhex-
anoate, manganese 2-ethylhexanoate, magnesium 2-ethyl-
hexanoate, and titanium 2-ethylhexanoate were mixed so that
amolar ratio of Bi, Fe, Mn, Ba, Mg, K, and Ti was 72.5:61.75:
3.25:25.0:2.5:2.5:32.5 (Bi:Fe:Mn:Ba:Mg:K:Ti), and thus a
precursor solution was prepared.

Next, the precursor solution was added dropwise to the
orientation control layer 65. The substrate was rotated for 6
seconds at 500 rpm, and then rotated for 20 seconds at 3000
rpm to form a film through a spin coating method. Next, the
substrate was placed on a hot plate and dried for 2 minutes at
180° C. Next, the substrate was placed on the hot plate and
subjected to degreasing for 2 minutes at 350° C. The process
ranging from the application of the solution to the degreasing
was repeated 2 times, and then baking was performed for 5
minutes at 750° C. using a RTA device in the oxide atmo-
sphere. Next, the above-described processes were repeated
six times to form the piezoelectric layer 70 through total 12
times of application.

Thereafter, as a second electrode 80, a platinum film having
a thickness of 100 nm was formed through a RF magnetron
sputtering method on the piezoelectric layer 70 to serve as the
second electrode 80. Accordingly, a piezoelectric element
300 having the first electrode 60, the orientation control layer
65, the piezoelectric layer 70, and the second electrode 80 was
obtained.

Example 2

A piezoelectric element 300 was produced by performing
the same operations as in Example 1, except that as a precur-
sor solution, a mixture obtained by mixing n-octane solutions
of bismuth 2-ethylhexanoate, barium 2-ethylhexanoate, iron
2-ethylhexanoate, manganese 2-ethylhexanoate, magnesium
2-ethylhexanoate, and titanium 2-ethylhexanoate so that a
molar ratio of Bi, Fe, Mn, Ba, Mg, K, and Ti was 67.5:57.0:
3.0:30:2.5:2.5:37.5 (Bi:Fe:Mn:Ba:Mg:K:Ti) was used to
form a piezoelectric layer 70.

Example 3

A piezoelectric element 300 was produced by performing
the same operations as in Example 1, except that as a precur-
sor solution, a mixture obtained by mixing n-octane solutions
of bismuth 2-ethylhexanoate, barium 2-ethylhexanoate, iron
2-ethylhexanoate, manganese 2-ethylhexanoate, magnesium
2-ethylhexanoate, and titanium 2-ethylhexanoate so that a
molar ratio of Bi, Fe, Mn, Ba, Mg, K, and Ti was 70.0:57.0:
3.0:25:2.5:5:37.5 (Bi:Fe:Mn:Ba:Mg:K:Ti) was used to form
a piezoelectric layer 70.
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Example 4

A piezoelectric element 300 was produced by performing
the same operations as in Example 1, except that as a precur-
sor solution, a mixture obtained by mixing n-octane solutions
of bismuth 2-ethylhexanoate, barium 2-ethylhexanoate, iron
2-ethylhexanoate, manganese 2-ethylhexanoate, magnesium
2-ethylhexanoate, and titanium 2-ethylhexanoate so that a
molar ratio of Bi, Fe, Mn, Ba, Mg, K, and Ti was 70:52.25:
2.75:25:5:5:40.0 (Bi:Fe:Mn:Ba:Mg:K:Ti) was used to form a
piezoelectric layer 70.

Comparative Example 1

A precursor solution containing no Mg so that a molar ratio
of Bi, Ba, Fe, Mn, and Ti was 75.0:71.25:3.75:25.0:25.0
(Bi:Fe:Ma:Ba:Ti) was prepared using the same solution as in
Example 1. Using this precursor solution, the same opera-
tions as in Example 1 were performed, except that a piezo-
electric layer 70 was formed through total 12 times of appli-
cation, and thus a piezoelectric element 300 was produced by
performing the same operations as in Example 1.

Test Example 1

SEM images obtained by observation using thin-film
cross-sections of the piezoelectric elements of Examples 1 to
4 and Comparative Example 1 are shown. The results thereof
are shown in FIGS. 4 to 6. From the results, it was found that
morphology changes of the BFM-BT thin film caused by the
addition of BKT+BMT are hardly shown.

Test Example 2

The piezoelectric layers of Examples 1 to 4 and Compara-
tive Example 1 were subjected to X-ray diffraction measure-
ment using “D8 Discover” manufactured by Bruker AXS
GmbH. X-ray diffraction patterns of Examples 1 to 4 and
Comparative Example 1 are shown in FIGS. 7 t0 9. From the
XRD measurement results, it was found that all of the
samples have preferential crystal orientation to a (100) plane
and the degree of orientation depends on the BT amount and
the BKT+BMT amount.

Test Example 3

A triangular wave at a frequency of 1 kHz was applied to
the piezoelectric elements of Examples 1 to 4 and Compara-
tive Example 1 at room temperature (25° C.) using an elec-
trode pattern of $=500 um with “FCE-1A” manufactured by
Toyo Corporation to obtain the relationship between a polar-
ization quantity P and a voltage (hysteresis curve) and the
relationship between S (electric field-induced distortion (dis-
placement amount)) and V (voltage) (butterfly). FIGS. 10 and
11 show hysteresis curves of Examples 1 to 4, and FIG. 12
shows a hysteresis curve of Comparative Example 1. FIG. 13
shows butterfly curves of Examples 1 and 2, and FIG. 14
shows a butterfly curve of Comparative Example 1. The driv-
ing method is based on bipolar driving.

As a result, it was found that rectangularity is small in the
examples in which the addition of BKT+BMT was per-
formed.

Test Example 4

The relationship (I-V curve) between a current density and
a voltage was obtained by applying a voltage of +50'V to the
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piezoelectric elements of Examples 1 to 4 and Comparative
Example 1. The measurement of the I-V curve was performed
using “4140B” manufactured by Hewlett-Packard Company
under the atmosphere with a holding time of 2 seconds upon
measurement. In addition, the measurement was performed
by eliminating the influence of a photoelectromotive force
and the like using a shielded prober. The measurement results
of Examples 1 to 4 and Comparative Example 1 are shown in
FIG. 15.

From the results of FIGS. 10 to 15, it was found that in
Examples 1 to 4, the leak current is significantly reduced by
the addition of BKT+BMT. When the BFM amount in the
composition is reduced, the Fe** amount is reduced. In addi-
tion, Ti in the BKT and BMT is thought to have an effect on
electricity cost stabilization of Fe**, and as a result, the leak
current is thought to be reduced.

Test Example 5

A voltage of 30’V was applied to the piezoelectric elements
of Examples 1 to 4 and Comparative Example 1 using a
displacement measuring device (DBLI) manufactured by aix-
ACCT Systems, Inc., at a frequency of 1 kHz with the use of
an electrode pattern of ¢=500 pm at room temperature to
measure an electric field-induced distortion (displacement
amount) in bipolar driving and in unipolar driving.

As a result, in Examples 1 to 4, the displacement amount
was improved by 24% as compared to Comparative Example
1.

Other Embodiments

Although each embodiment of the invention has been
described as above, the basic configuration of the invention is
not limited to the above description. For example, in the
above-described embodiment, a silicon single crystal sub-
strate is exemplified as the channel forming substrate 10, but
the channel forming substrate 10 is not particularly limited
thereto. For example, a SOI substrate or a material such as
glass may be used.

In the above-described embodiment, the piezoelectric ele-
ment 300 in which the first electrode 60, the orientation
control layer 65, the piezoelectric layer 70, and the second
electrode 80 are sequentially stacked on the substrate (chan-
nel forming substrate 10) has been exemplified, but is not
limited to this configuration. The invention can also be
applied to, for example, a longitudinal vibration-type piezo-
electric element in which a piezoelectric material and an
electrode forming material are alternately stacked and
stretched in an axial direction.

In the above-described Embodiment 1, the liquid ejecting
head in which the first electrode 60 configures a common
electrode provided continuously in the direction in which the
pressure generation chambers 12 are arranged, and the second
electrode 80 configures an individual electrode provided indi-
vidually corresponding to the pressure generation chamber
12 has been exemplified. However, a configuration may also
be employed in which the first electrode 60 configures an
individual electrode provided individually corresponding to
the pressure generation chamber 12, and the second electrode
80 configures a common electrode provided continuously in
the direction in which the pressure generation chambers 12
are arranged.

The ink jet recording head I (see FIG. 1) is mounted on, for
example, an ink jet recording apparatus II as shown in FIG.
16. Cartridges 2A and 2B configuring ink supply means are
detachably provided on recording head units 1A and 1B hav-
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ing the ink jet recording head I, and a carriage 3 on which the
recording head units 1A and 1B are mounted is provided on a
carriage shaft 5 attached to an apparatus main body 4 so as to
be movable in a shaft direction. The recording head units 1A
and 1B eject, for example, a black ink composition and color
ink compositions.

The carriage 3 on which the recording head units 1A and
1B are mounted is moved along the carriage shaft 5 by the
transfer of the driving force of a driving motor 6 to the car-
riage 3 via a plurality of toothed wheels (not shown) and a
timing belt 7. In the apparatus main body 4, a transport roller
8 is provided as transport means and a recording sheet S
which is a recording medium such as paper is transported by
the transport roller 8. The transport means for transporting a
recording sheet S is not limited to the transport roller, and may
be a belt, a drum, or the like.

In the above-described examples, the apparatus in which
the ink jet recording head I is mounted on the carriage 3 and
moved in a main scanning direction has been exemplified as
the ink jet recording apparatus 11, but its configuration is not
particularly limited. The ink jet recording apparatus Il may
be, for example, a so-called line-type recording apparatus in
which the ink jet recording head I is fixed and a recording
sheet S such as paper is moved in a sub-scanning direction to
perform printing.

In the above-described embodiments, the ink jet recording
head has been described as an example of the liquid ejecting
head provided with the piezoelectric element. However, the
invention is widely provided for general liquid ejecting heads
and can also be applied to liquid ejecting heads which eject a
liquid other than an ink. Examples of other liquid ejecting
heads include various recording heads which are used in
image recording apparatuses such as printers, color material
ejecting heads which are used in the manufacturing of color
filters of liquid crystal displays and the like, electrode mate-
rial ejecting heads which are used in the formation of elec-
trodes of organic EL displays and field emission displays
(FED), and bioorganic material ejecting heads which are used
in the manufacturing of biochips.

The piezoelectric element 300 according to the invention
can be used by being mounted on various sensors. Examples
of the various sensors include a pyroelectric sensor, an infra-
red sensor, a terahertz sensor, a temperature sensor, an ultra-
sonic sensor, a thermosensitive sensor, a pressure sensor, an
acceleration sensor, and a gyro sensor (angular velocity sen-
sor). In cases of these sensors, the leak current is reduced, and
thus the sensors have a piezoelectric element with an
improved displacement amount. Accordingly, the sensor have
high detection sensitivity.

The piezoelectric element 300 according to the invention
can be appropriately used as a ferroelectric element.
Examples of the ferroelectric element include a ferroelectric
memory (FeRAM), a ferroelectric transistor (FeFET), a fer-
roelectric arithmetic circuit (FeLogic), and a ferroelectric
capacitor.

The piezoelectric element 300 according to the invention
can be appropriately used as an optical element. Examples of
the optical element include a wavelength converter, an optical
waveguide, a filter for shielding harmful rays such as infrared
rays, an optical filter using a photonic crystal effect caused by
the formation of quantum dots, an optical filter using optical
interference of a thin film, and a light-heat conversion filter
using a certain pattern structure.

The piezoelectric element 300 according to the invention
can be used by being mounted on a power generation device.
Examples of the power generation device include a power
generation device using a pressure-electricity conversion
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effect, a power generation device using electronic excitation
(photovoltaic power) by light, a power generation device
using electronic excitation (thermoelectric power) by heat,
and a power generation device using vibration.

The piezoelectric element 300 according to the invention is
not limited to piezoelectric elements which are used in the
above-described liquid ejecting head, the liquid ejecting
apparatus having the liquid ejecting head, various sensors,
ferroelectric elements, optical elements, and power genera-
tion devices, and can also be used in other devices. Examples
of other devices include ultrasonic devices such as ultrasonic
transmitters, ultrasonic motors, piezoelectric transformers,
piezoelectric motors, and vibration-type dust removing
devices.

The invention claimed is:

1. A piezoelectric element comprising:

a first electrode;

a piezoelectric layer which is provided on the first elec-
trode; and

a second electrode which is provided on the piezoelectric
layer,

wherein the piezoelectric layer is made of a piezoelectric
material expressed as a mixed crystal including a first
component formed of a complex oxide containing Bi
and Fe and having a rhombohedral perovskite structure
and a complex oxide containing Ba and Ti and having a
tetragonal perovskite structure, a second component
formed of a complex oxide containing Bi, K, and Ti and
having a tetragonal perovskite structure, and a third
component formed of a complex oxide containing Bi,
Mg, and Ti and having a rhombohedral perovskite struc-
ture.

2. The piezoelectric element according to claim 1,

wherein the first component is Bi(Fe,Mn)O,—BaTiO;, the
second component is (Bi, K, 5)TiO;, and the third
component is Bi(Mg, 5sTi, 5)O;.

3. The piezoelectric element according to claim 2,

wherein in the first, second, and third components, the ratio
of the complex oxide of the rhombohedral crystal to the
complex oxide of the tetragonal crystal (complex oxide
of rhombohedral crystal/complex oxide of tetragonal
crystal) is 70/30 to 65/35.

4. The piezoelectric element according to claim 2,

wherein the content of the complex oxide containing Ba
and Ti and having a tetragonal perovskite structure is 25
mol % to 30 mol %.

5. The piezoelectric element according to claim 1,

wherein in the first, second, and third components, the ratio
of the complex oxide of the rhombohedral crystal to the
complex oxide of the tetragonal crystal (complex oxide
of rhombohedral crystal/complex oxide of tetragonal
crystal) is 70/30 to 65/35.

6. The piezoelectric element according to claim 5,

wherein the content of the complex oxide containing Ba
and Ti and having a tetragonal perovskite structure is 25
mol % to 30 mol %.

7. The piezoelectric element according to claim 1,

wherein the content of the complex oxide containing Ba
and Ti and having a tetragonal perovskite structure is 25
mol % to 30 mol %.

8. The piezoelectric element according to claim 1,

wherein the content of the second component is 5 mol % to
10 mol %.

9. The piezoelectric element according to claim 1,

wherein the content of the third component is S mol %to 10
mol %.
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10. The piezoelectric element according to claim 1,

wherein the total content of the second component and the

third component is 10 mol % to 20 mol %.

11. The piezoelectric element according to claim 1,

wherein an orientation control layer made of bismuth man-

ganate is formed between the first electrode and the
piezoelectric layer.

12. A liquid ejecting head comprising:

the piezoelectric element according to claim 1.

13. A liquid ejecting apparatus comprising:

the liquid ejecting head according to claim 12.

14. An actuator and a sensor each comprising:

the piezoelectric element according to claim 1.

15. A piezoelectric material which is formed of a piezo-
electric material expressed as a mixed crystal including a first
component formed of a complex oxide containing Bi and Fe
and having a rhombohedral perovskite structure and a com-
plex oxide containing Ba and Ti and having a tetragonal
perovskite structure, a second component formed of a com-
plex oxide containing Bi, K, and Ti and having a tetragonal
perovskite structure, and a third component formed of a com-
plex oxide containing Bi, Mg, and Ti and having a rhombo-
hedral perovskite structure.
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